Exocytosis in Saccharomyces cerevisiae requires the specific interaction between the plasma membrane t-SNARE complex (Sso1/2p;Sec9p) and a vesicular v-SNARE (Snc1/2p). While SNARE proteins drive membrane fusion, many aspects of SNARE assembly and regulation are ill defined. Plasma membrane syntaxin homologs (including Sso1p) contain a highly charged juxtamembrane region between the transmembrane helix and the "SNARE domain" or core complex domain. We examined this region in vitro and in vivo by targeted sequence modification, including insertions and replacements. These modified Sso1 proteins were expressed as the sole copy of Sso in S. cerevisiae and examined for viability. We found that mutant Sso1 proteins with insertions or duplications show limited function, whereas replacement of as few as three amino acids preceding the transmembrane domain resulted in a nonfunctional SNARE in vivo. Viability is also maintained when two proline residues are inserted in the juxtamembrane of Sso1p, suggesting that helical continuity between the transmembrane domain and the core coiled-coil domain is not absolutely required. Analysis of these mutations in vitro utilizing a reconstituted fusion assay illustrates that the mutant Sso1 proteins are only moderately impaired in fusion. These results suggest that the sequence of the juxtamembrane region of Sso1p is vital for function in vivo, independent of the ability of these proteins to direct membrane fusion.
Biological membrane fusion is imperative for cellular survival. Membrane fusion requires an energy-dependent reaction to overcome the repulsive nature of two opposing membranes (4, 10, 11) . In cells, conformational rearrangements of specific fusion proteins drive this membrane merger (9, 44) . Membrane fusion reactions in the secretory pathway have been extensively studied, and much is known about the molecular machinery, and yet many aspects of this process are not well understood. SNARE proteins (Soluble NSF attachment protein receptors) constitute the core fusion machinery (38, 49) and are the final arbiters of fusion specificity (23) . SNAREs are operationally divided into two groups: those that are found primarily on the transport vesicle, called v-SNAREs, and those found primarily on the target membrane, called t-SNAREs. The founding members of the SNARE superfamily were identified from bovine brain and participate in synaptic transmission (38) . The neuronal SNARE complex is comprised of two t-SNAREs localized to the plasma membrane, called syntaxin 1A (3) and SNAP25 (synaptosome-associated protein of 25 kDa [28] ), as well as one v-SNARE located on the synaptic vesicle, known as VAMP (vesicle-associated membrane protein or synaptobrevin [40, 43] ).
SNARE proteins also share structural and mechanistic commonalities with viral fusogens, such as the assembly of a coiledcoil bundle structure and a hemifusion transition-state intermediate (15, 22, 36, 39, 51) . However, several elements that regulate membrane fusion, including proteins such as Rab GTPases and the exocyst complex, remain incompletely understood (27, 30, 31, 52) . Similarly, the Sec1/Munc18 family of SNARE regulators has a variety of proposed functions, including direct stimulation of fusion through interactions with the yeast plasma membrane t-SNARE complex (18, 42) .
The fusion of Golgi-derived transport vesicles with the plasma membrane requires the formation of a binary t-SNARE complex on the plasma membrane comprised of a syntaxin family member and the respective SNAP25 homolog. Complete membrane fusion occurs when a VAMP-like v-SNARE found on the transport vesicle associates with the t-SNARE complex to form a ternary SNARE complex. This association is thought to occur in a "zipper"-like fashion that pulls the membranes close together (7, 16, 17) . The structure of the cytosolic portion of the four-stranded neuronal core complex shows that the proteins align in a parallel fashion with the transmembrane domains of both syntaxin 1A and VAMP emerging from the same end of the helical bundle (32, 41) .
Membrane fusion of Golgi-derived transport vesicles with the plasma membrane in yeast utilizes homologous SNARE proteins. The plasma membrane t-SNARE complex is composed of the syntaxin 1A homolog Sso1p (1) or the functionally redundant Sso2p and the SNAP25-like Sec9p (6) . The v-SNARE Snc1p (14) or the functionally redundant Snc2p completes the four-helix bundle.
The majority of SNARE proteins have a membrane-spanning region at their extreme carboxy terminus with a nearby core complex domain that has the propensity to form coiled coils. A common feature conserved in many if not all plasma membrane syntaxins is a polybasic juxtamembrane region between the core complex domain and the transmembrane domain ( Fig. 1B) (50) . Similar stretches of charge are also seen in plasma membrane v-SNAREs. Electron paramagnetic resonance measurements suggest that the juxtamembrane regions of the neuronal SNAREs syntaxin 1A and VAMP interact with and are embedded in the phospholipid bilayer (20, 21) .
Previous in vitro studies have shown that additional sequence in the juxtamembrane of the neuronal t-SNARE syntaxin 1A and the v-SNARE VAMP is permitted, although the amount of fusion progressively decreases as the distance between the core complex domain and the transmembrane region increases (24) . The introduction of sequential helix-breaking proline residues in the juxtamembrane region of syntaxin 1A reduced fusion ϳ50% in a liposome mixing assay; however, the same insertion in VAMP2 did not significantly impair fusion in vitro (24) . While this study examined the in vitro function of juxtamembrane linker mutants, no in vivo analysis was possible.
Saccharomyces cerevisiae is amenable to both in vitro and in vivo studies, allowing mechanistic models developed in vitro to be directly tested in vivo. The present work correlates in vivo mutational analysis of Sso1p function with in vitro fusion activity to examine the function of the juxtamembrane region of Sso1p. Modifications introducing distance and flexibility were used to test bilayer-coupling models of fusion in a reconstituted fusion assay, similar to prior work performed with neuronal SNAREs, and to examine the effects of the same mutations on in vivo SNARE function. Additional mutations examined the specific sequence requirements of the juxtamembrane region necessary to maintain in vivo function.
MATERIALS AND METHODS
Reagents. All lipids were purchased from Avanti Polar lipids, detergents were bought from Calbiochem (n-octyl ␤-glucopyranoside) and Fisher Scientific (Triton X-100), 5-fluoroorotic acid (5-FOA) was from Zymo Research, and G418 sulfate was from GIBCO. Bacterial and yeast media components including yeast extract-peptone-dextrose, synthetic complete media, raffinose, and amino acid and nucleotide supplements were obtained from Qbiogene, while yeast nitrogen base was from Difco, Bacto agar from BD Bioscience, and the carbon sources FIG. 1. Domain structure and sequence of Sso1p, Sso1p juxtamembrane mutations, and other plasma membrane syntaxins. A. The general domain structure of Sso1p is depicted. HA, HB, and HC refer to predicted coiled-coil domains that form an autonomously folding Nterminal regulatory domain. Mutations were introduced into the primary sequence of Sso1p by engineering a parent construct that contains a unique restriction site for insertions by double-stranded oligonucleotides (1x linker and 3x linker) or overlap PCR (6AA replaced, 6AA insertion, and 2x juxtamembrane). The linker constructs (6AA replaced, 6AA insertion, 1x linker, and 3x linker Sso1p) contain glycine-glycine-serine repeats. The 2x juxtamembrane construct duplicates 12 endogenous amino acids in the juxtamembrane region. Single, double, and triple point mutations were introduced by overlap PCR at the indicated residues. B. (47) . All other strains in this study are derivatives of JMY128 with an additional plasmid transformed into the yeast (Table 1) .
Plasmids. Plasmids used in this study are listed in Table 2 . Details regarding the constructions of plasmids are presented in the supplemental material.
5-FOA counterselection. The transformed JMY128 shuffle strain was grown in synthetic complete media minus histidine and uracil with 2% galactose at 30°C for 2 days, followed by a subsequent back dilution and another overnight growth. Cells (optical density at 600 nm ϭ 10) were spun down and resuspended in 1 ml sterile water. A threefold serial dilution with 20 l spots was plated onto synthetic complete media minus histidine plates containing 2% galactose and 1 g/liter 5-fluoroorotic acid and incubated for 3 days at 30°C.
Microscopy. Microscopy was performed as described previously (34) with the exception that the strains were grown in synthetic complete media with galactose for expression of the mutant Sso1 proteins.
Protein production. All H 8 -Sso1p proteins were expressed in 4 liters of Super Broth media and induced with 1 mM isopropyl-␤-D-thiogalactopyranoside at 30°C for 4 h. Protein was purified by nickel chelate chromatography as described previously (23) . His 8 -Sso1p (pJM88), Snc1p-His 6 (pJM90), and glutathione Stransferase (GST)-Sec9c (BB442) were expressed and purified as described previously (23) .
Reconstitution into liposomes and fusion assays. All proteoliposomes were prepared by detergent dilution and dialysis and used in standard fusion assays as described previously (35) .
Western blotting of whole-cell extracts. Total cell extracts were made by glass bead lysis of trichloroacetic acid-killed cells. The amount of total cell extract indicated in the figure legends was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and probed with anti-HA antibodies. Primary antibodies were at a 1:1,000 dilution (anti-HA or anti-Sso1/2p). The horseradish peroxidase-conjugated secondary antibodies were used at a 1:10,000 dilution. Immunoblots were developed using ECL detection (Amersham).
RESULTS
Helical continuity between the SNARE core helix and the transmembrane domain may be beneficial but is not required in vivo. Previous work has shown that increasing the physical distance between the SNARE transmembrane domain and the core helical bundle progressively inhibits membrane fusion in vitro (24) . However, this work also demonstrated that substantial distance, as well as increased flexibility, is largely tolerated. While these results confirm that helical continuity and strict coupling of the SNARE core helix and transmembrane domain are not required in vitro, the in vivo implications were untested. We now examined specific mutations in the juxtamembrane domain of the yeast plasma membrane syntaxin, Sso1p, to determine the in vivo requirements for mechanical coupling (Fig. 1) . We began by addressing the requirement for helical continuity in vivo. A haploid yeast strain that contains a genomic deletion in both the SSO1 and SSO2 genes was constructed for use as a plasmid shuffle strain (JMY128). Disruption of both SSO loci is required, since these genes form a functionally redundant pair. The viability of this strain is maintained by a low-copy URA3 plasmid expressing Sso1p under the control of its endogenous promoter (pJM198) (47) . The mutant Sso1p plasmids containing modifications to their juxtamembrane domain were transformed into the plasmid shuffle strain and maintained on glucose. The functionality of the mutant plasmid is determined by growth on plates containing the drug 5-FOA. This drug is metabolized to a toxic intermediate in cells that express the URA3 gene product, thereby counterselecting for this marker (5). Since wild-type Sso1p on the URA3 plasmid is required for viability, only coexpressing plasmids that produce functional Sso1p will survive in the presence of 5-FOA. An initial construct with two specific point mutations at the membrane delimiting charge (R265K and C266L) was made for cloning purposes. At both high and low expression levels, these two mutations have no observable in vivo defect, with the mutant protein behaving like wild-type Sso1p ( Fig. 2A) .
We next addressed the potential requirement for helical continuity between the SNARE core domain and the transmembrane segment in vivo by introducing helix-breaking tandem proline residues. Figure 3A shows that Sso1p interrupted with the sequence KLGPP added to the cytosolic side of the transmembrane domain is capable of providing Sso1p function in vivo when overexpressed under the control of the strong GAL1-10 promoter (Fig. 3A, left) . Yeast expressing the KLGPP insertion yield a similar number of colonies on 5-FOA medium, but the colony size is much smaller, suggesting impaired growth. Somewhat surprisingly, growth is not seen when the KLGPP insertion is expressed at lower levels closer to endogenous Sso1p (Fig. 3A , right). These results suggest that while helical continuity may be beneficial in vivo, it is not absolutely required, since the insertion of two helixbreaking proline residues in the juxtamembrane region can provide Sso1p function when overexpressed. Moderate increases in distance and flexibility are tolerated in vivo. In contrast to the KLGPP mutant, insertion of six amino acids consisting of GGSGGS is fully acceptable in vivo. Figure 3A demonstrates that while the insertion of the helixbreaking proline residues is only moderately tolerated when overexpressed, the GGSGGS insertion, which is one additional amino acid longer, is well tolerated when overexpressed (Fig. 3A , left) and, more importantly, at lower expression levels (Fig. 3A , right). Further extension of the flexible linker by an additional 5 amino acids (11 in total; 1x linker in Fig. 3 ) can replace Sso1 when overexpressed (Fig. 3A , left) but cannot provide enough Sso1p function when expressed at roughly endogenous levels (Fig. 3A, right) . When we increased the distance between the SNARE core helix and the transmembrane domain by a simple duplication of the endogenous juxtamembrane domain, a different result was seen. In this context, a similar length extension of 12 amino acids, but a different sequence composition, yielded marginal growth when overexpressed but no growth at 3B ) and immunoblot analysis ( Fig. 3C ) with an anti-HA antibody confirm that the mutant Sso1 proteins are all well expressed and properly localized to the yeast plasma membrane. Controls using an anti-Sso1/2p antibody, no HA-tagged protein, or no primary antibody indicate that the detected fluorescence is specifically Sso1p (data not shown). Furthermore, immunofluorescence microscopy without cell permeabilization confirms correct topology (data not shown). The degree of overexpression seen with the GAL1-10uas was only about five times greater that with SSO1uas (Fig. 3C) . Figure 3D illustrates the amount of Sso1p-HA expressed from the endogenous SSO1uas on a centromeric plasmid relative to both endogenous Sso1p and Sso2p for purposes of comparison. Taken together, these results suggest that while helical continuity is not required when Sso1p is overexpressed, it may be beneficial in vivo. Furthermore, increased distance and flexibility are somewhat tolerated in vivo, but the specific sequence of the inserted linker also plays a role.
Requirements for Sso1 function in vivo are more stringent than for in vitro fusion. Next, we examined the behavior of the insertion mutant Sso1p proteins, employing a reconstituted in vitro fusion assay. This assay utilizes recombinant SNARE proteins purified from Escherichia coli and proteoliposomes formed by detergent dilution and dialysis with synthetic phospholipids (35, 49) . The v-SNARE liposome population contains two fluorescently labeled lipids that are used to monitor membrane fusion by the loss of fluorescence resonance energy transfer as fusion with nonfluorescent t-SNARE proteoliposomes occurs. Similar to results in the in vivo studies ( Fig. 2A) , introduction of two point mutations in Sso1p (R265K and C266L) has no effect on fusion efficiency. Neither the presence of the HA tag nor the KL mutation affects membrane fusion in vitro ( Fig. 2B and C ; also data not shown). Figure 4 documents the performance of the insertion mutants tested in vitro when expressed and purified from E. coli and reconstituted into POPC/DOPS liposomes at approximately equivalent concentrations (35) . In contrast to the in vivo setting, mutant Sso1p that contains the KLGPP insertion is only marginally impaired (ϳ23%) compared with wild-type Sso1p in vitro (Fig. 4A , open circles versus filled circles). As the core helical domain is extended further away from the transmembrane domain by (Fig. 4A ). These results are qualitatively similar to those with mutations in syntaxin 1A (24) . The 3x linker and the 2x juxtamembrane mutants are the most impaired in vitro, which corresponds well with the in vivo results. While the in vitro fusion assay provides unparalleled access to the constituent components of the fusion reaction, allowing for mechanistic dissection, comparison of the in vitro and in vivo results suggests that the in vitro assay does not fully recapitulate the in vivo environment. For example, the helix-breaking KLGPP mutant is moderately impaired in vitro and nonfunctional in vivo unless it is overexpressed, and even then it is not fully wild type. These results illustrate the benefit of combining in vitro and in vivo analysis. The behavior of the 2x juxtamembrane mutant relative to that of the 11-amino-acid 1x linker mutant also suggests that sequence determinants in this region may also be important in vivo. While the 1x linker mutant is clearly impaired in vitro (ϳ53% of wild type) (Fig. 4A,  open diamonds) , the similar-length 2x juxtamembrane mutant is essentially nonfunctional in vitro (Fig. 4A, filled diamonds) . Close inspection of the 15 amino acids preceding the transmembrane domain of many syntaxin homologs shows a high conservation of amino acid sequence in this region, specifically the number and distribution of positively charged residues (Fig. 1B) .
Specific sequence determinants are required in the juxtamembrane domain in vivo. We next examined the sequence requirements of the juxtamembrane region by replacing the endogenous sequence rather than inserting amino acids. When the six-amino-acid sequence ARKNKI immediately preceding the transmembrane segment (Fig. 1) is replaced with the sequence GGSGGS, Sso1p is completely nonfunctional at any expression level (Fig. 5A ). This result suggests that specific amino acids are required in the juxtamembrane domain in vivo, since this mutation produced a fully functional Sso1p protein in vitro (Fig. 5D ). This six-amino-acid region was further refined by making two different three-amino-acid replacements. While the more C-terminal three amino acids (N262G, K263G, and I264S) were functional when overexpressed, these KLGGP-HA), JMY371 (Sso1p-6AA insertion-HA), JMY369 (Sso1p-1x linker-HA), JMY370 (Sso1p-2x juxtamembrane-HA), JMY368 (Sso1p-3x linker-HA), or JMY305 (Sso1p⌬NRD) were spotted onto synthetic complete media with 2% galactose containing 1 mg/ml 5-fluoroorotic acid and grown at 30°C for 72 h. Right: threefold serial dilutions of JMY384 (Sso1p-HA), JMY387 (Sso1p-KLGGP-HA), JMY386 (Sso1p-6AA insertion-HA), JMY388 (Sso1p-1x linker-HA), JMY389 (Sso1p-2x juxtamembrane-HA), JMY390 (Sso1p-3x linker-HA), or JMY402 (empty vector) were spotted onto synthetic complete media with 2% glucose containing 1 mg/ml 5-fluoroorotic acid and grown at 30°C for 72 h. replacements were lethal at lower expression levels. The more N-terminal three amino acids (A259G, R260G, and K261S) were nonfunctional under all expression conditions. The in vivo deficit with the six-amino-acid replacement (as well as the ARK replacement) was not due to expression or localization, since similar amounts of these mutant proteins are made relative to the case with the functional N262G K263G I264S mutant (Fig. 5B) . Additionally, the six-amino-acid replacement mutant protein was properly localized to the plasma membrane (Fig. 5C ). It is unlikely that the in vivo deficiency is due to the inability to assemble SNARE complexes and drive membrane fusion, since a recombinant version of the GGSGGS insertion mutant protein repeatedly promoted membrane fusion at nearly wild-type levels, 84% Ϯ 3% (n ϭ 7), in vitro ( Fig. 5D ; also data not shown).
The polybasic character of the juxtamembrane region is required in vivo. An interesting and conserved feature of these six juxtamembrane residues is the cluster of positive charge (Fig. 1B) . In fact, lysine and arginine residues within the juxtamembrane region of rat syntaxin 1A (R262-K265) have been shown by electron paramagnetic resonance (EPR) spectroscopy to be embedded in the hydrophobic region of the phospholipid bilayer (20) . This observation prompted us to focus on the charged residues within the six-amino-acid sequence. Figure 6 shows the functional effects of all possible single, double, and triple mutations of these charged residues. When overexpressed, none of the individual changes cause a growth defect, including the uncharged A259G mutation. Additionally, no growth defect was seen when these single mutants were expressed at closer to endogenous levels (Fig. 6A, right) .
However, more-subtle phenotypes are exposed when double and triple mutations are introduced. Figure 6B shows that all three of the double mutants are very similar to wild-type Sso1p when overexpressed by the GAL1-10 promoter, although differences are observed at lower expression levels. Both the R260G K261G Sso1p mutant and the R260G K263G Sso1p mutant are similar to the wild type, but the K261G K263G Sso1p mutant is virtually nonviable under lower expression conditions. Similarly, the R260G K261G K263G Sso1p triple mutant is also nonfunctional in vivo at lower expression levels and also shows significant growth impairment when overexpressed.
DISCUSSION
A large body of experimental evidence strongly suggests that SNARE proteins provide the mechanical energy that drives membrane fusion. However, the precise mechanism by which force is generated and lipid mixing promoted remains unclear. One proposed model for SNARE-mediated fusion based on the crystal structure of the neuronal SNARE complex suggested that a rigid connection between the SNARE transmembrane domains and the core helical domains that form the four-helix bundle would stress the lipid bilayer in the region of the transmembrane domains as SNARE assembly proceeds, leading to molecular contact of merging outer leaflets and initiation of lipid mixing (41) . However, increasing evidence suggests that helical continuity does not exist between the core complex domain and the transmembrane region. Site-directed spin-labeled EPR measurements of syntaxin 1A suggest some helical continuity extends from the core complex domain into the juxtamembrane region, but the last five residues before the transmembrane region (260 to 264) remain unstructured (20) . Molecular dynamics simulations of syntaxin 1A concur that this region is likely unstructured (19) .
Specific experiments were designed to determine the need for helical continuity between the core complex domain and the transmembrane domain of Sso1p. Previous work using neuronal SNAREs in an in vitro liposome mixing assay has shown an insertion of KLGPP in the syntaxin 1A juxtamembrane reduces the rate of fusion by 50% (24) . Similar experiments with yeast SNAREs show that insertion of KLGPP in the juxtamembrane region reduces the in vitro rate of fusion only slightly compared to results with wild-type Sso1p (Fig. 4A) . Overexpression of this protein in S. cerevisiae as the only source of Sso1p allows growth in vivo, albeit at a reduced rate (Fig. 3A) . When the proline-containing Sso1 protein is expressed at near-endogenous levels, no growth occurs. This in vivo impairment is not likely attributable to the inability of the protein to drive membrane fusion (Fig. 4) . These data suggest that helical continuity might be preferred for some interaction(s) in vivo but is not required when elevated levels of the protein are present. A series of insertions that introduce flexibility and physically separate the transmembrane domain from the SNARE "core complex" were also produced. The insertions contained glycine-glycine-serine repeats. This sequence was chosen because glycine contains no side chain and thus is highly flexible. These mutant proteins address two related questions with respect to the distance between the core complex domain and the transmembrane domain: is the distance between the core complex domain and the transmembrane domain critical for function, and what degree of flexibility is permitted in the juxtamembrane region to maintain function? Progressive insertions in the juxtamembrane of Sso1p enable a large degree of flexibility, likely reducing the ability of Sso1p to translate the energy generated by SNARE complex formation to the membrane anchors. At the highest expression level, some colonies grew when as many as 33 amino acids (3x linker) were inserted into the juxtamembrane region (Fig. 3A) . These survivors may represent the highest overexpressors that permit very minimal growth under these extreme circumstances. It is unlikely that these survivors represent mutation in the URA3 gene, because the "post shuffle" strains are completely dependent on galactose for growth; hence, they require the GALdriven mutant Sso1p plasmid (data not shown). An insertion of six amino acids in the juxtamembrane results in behavior like that of the wild-type protein at near-endogenous expression (Fig. 3) . These results imply that the distance from the transmembrane domain to the core complex domain is not critical to maintain function. The 1x linker and 2x juxtamembrane proteins have 11 and 12 amino acids introduced into the juxtamembrane region, respectively. While these two insertions likely provide a similar distance increase, the degree of flexibility is probably different due to amino acid composition. The average extent of fusion at 120 min for the 1x linker is 61% Ϯ 8% (mean Ϯ standard deviation; n ϭ 6) of that of the wild type and is 23% Ϯ 8% (n ϭ 6) of that of the wild type for the 2x juxtamembrane mutant ( Fig. 4A ; also data not shown). These results indicate that an insertion that is more flexible can more readily fuse liposomes in vitro. An argument can be made that more-flexible insertions are favored in vivo as well, based on the data presented in Fig. 3A ; however, this conclusion is tempered by the possibility of sequence specific effects.
One other study has examined the influence of inserting residues in the juxtamembrane region of Vam3p, a syntaxin protein required for vacuolar fusion (26, 29) . In this case, addition of as few as three amino acids in the juxtamembrane marginally inhibits fusion, but addition of 12 amino acids abolishes SNARE-mediated fusion in an in vitro vacuolar fusion assay (48) . This apparent difference can likely be attributed to differences in the SNARE proteins that form the vacuolar Recent studies have shown that the yeast SNAREs Snc1p, Syn8p, and Tlg1p are palmitoylated at a cysteine near the cytoplasmic end of their transmembrane domain, and it has been suggested that Sso1p may be similarly modified (45) . The function of this posttranslational modification is believed to protect the proteins from degradation. Conversion of cysteine 266 to leucine (in Sso1p) shows no in vivo or in vitro effect on the protein function (Fig. 2) . Palmitoylation also has a role in targeting of proteins to lipid rafts (25) . This probably accounts for SNAP25 accumulation within lipid rafts in mammalian cells (8) . Our results indicate that if Sso1p is palmitoylated, then it is not required for in vivo function.
Since many residues of the juxtamembrane are well conserved among a broad class of species (Fig. 1B) , experiments were designed to examine the specific sequence requirements of the juxtamembrane. We found that changing six residues in the juxtamembrane sequence (6AA replace) is not permitted in vivo under any expression conditions but can be fully tolerated in vitro, yielding fusion rates still near wild-type levels ( Fig. 5D ) (84% Ϯ 8%; n ϭ 7). Further experiments found that as few as three residue changes were not functional in vivo ( Fig. 5A and B) , while changing two residues in the juxtamembrane showed some impaired growth (Fig. 6B) . These results suggest that the specific sequence of the juxtamembrane region is critical for Sso1p function in vivo but likely at a step independent of membrane fusion itself, since these mutants are capable of membrane fusion in vitro.
Several possibilities can be suggested to explain the differences between in vitro fusion and in vivo function. The most obvious possibility, given the charged nature of the critical residues and their proximity to the phospholipid bilayer, is an electrostatic interaction with lipid headgroups. Others have shown that lysine and arginine residues in the rat syntaxin 1A juxtamembrane region (R262-K265) are embedded in the hydrophobic region of the phospholipid bilayer by EPR spectroscopy (20) . This type of protein-lipid interaction with bulk phospholipid or possibly with specific anionic lipids, such as phosphorylated phosphatidylinositols, may help destabilize the bilayer during membrane fusion and promote lipid mixing. Evidence that VAMP2 interacts with lipids in both the vesicle membrane and the plasma membrane has also been documented (12) . Our specific point mutations made in the Sso1p juxtamembrane would decrease the general electrostatic interaction with the lipid headgroups and likely minimize these potential in vivo functions. Additionally, SNARE-lipid interactions may be required in native membranes but not in the artificial environment of a synthetic liposome in the in vitroreconstituted assay.
Alternatively, an interaction between SNAREs and lipids may facilitate the formation of the proper lipid microenvironment for in vivo fusion. SNAREs may need to be spatially located to the correct lipid environment, whether it be into lipid rafts, cholesterol, or sphingolipid-rich microdomains (33) . This causes SNAREs to concentrate at specific regions of the lipid bilayer, and it has been shown that for regulated exocytosis, this spatial organization into lipid rafts is critical for regulation. Although the existence of lipid rafts in yeast is debated (2, 46) , a requirement for SNARE localization to specialized lipid microdomains could also explain our data.
We also must consider the possibility that a specific interaction with a regulatory protein may depend on the juxtamembrane charge and changing the charge could influence the activity of the putative regulatory factor. This potential involvement of a regulatory protein would be missing from the in vitro fusion assay, and its role influenced by the juxtamembrane domain charge would go unfulfilled.
